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ABSTRACT
We present the analysis of a deep Chandra observation of a∼ 2L∗ late-type galaxy, ESO 137-002, in the closest
rich cluster A3627. The Chandra data reveal a long (& 40 kpc) and narrow tail with a nearly constant width (∼ 3
kpc) to the southeast of the galaxy, and a leading edge∼ 1.5 kpc from the galaxy center on the upstream side of the
tail. The tail is most likely caused by the nearly edge-on stripping of ESO 137-002’s interstellar medium (ISM) by
ram pressure, compared to the nearly face-on stripping of ESO 137-001 discussed in our previous work. Spectral
analysis of individual regions along the tail shows that the gas throughout it has a rather constant temperature,∼ 1
keV, very close to the temperature of the tails of ESO 137-001, if the same atomic database is used. The derived
gas abundance is low (∼ 0.2 solar with the single-kT model), an indication of the multiphase nature of the gas in
the tail. The mass of the X-ray tail is only a small fraction (< 5%) of the initial ISM mass of the galaxy, suggesting
that the stripping is most likely at an early stage. However, with any of the single-kT , double-kT and multi-kT
models we tried, the tail is always “over-pressured” relative to the surrounding intracluster medium (ICM), which
could be due to the uncertainties in the abundance, thermal vs. non-thermal X-ray emission, or magnetic support
in the ICM. The Hα data from the Southern Observatory for Astrophysical Research (SOAR) show a ∼ 21 kpc
tail spatially coincident with the X-ray tail, as well as a secondary tail (∼ 12 kpc long) to the east of the main tail
diverging at an angle of ∼ 23◦ and starting at a distance of ∼ 7.5 kpc from the nucleus. At the position of the
secondary Hα tail, the X-ray emission is also enhanced at the ∼ 2σ level. We compare the tails of ESO 137-001
and ESO 137-002, and also compare the tails to simulations. Both the similarities and differences of the tails pose
challenges to the simulations. Several implications are briefly discussed.
Subject headings: galaxies: clusters: general — galaxies: clusters: individual (A3627) — galaxies: individual
(ESO 137-002, ESO 137-001) — X-rays: galaxies: clusters
1. INTRODUCTION
It has long been known that galaxies occur in different envi-
ronments and many galactic properties depend on environment,
e.g., Hubble type, color, and star formation rate. (See the exten-
sive review by Boselli & Gavazzi 2006 and references therein.)
This implies that some processes related to the environment
must be at work. Interaction with the ICM, one of these pro-
cesses, is likely to be dominant in clusters in the present uni-
verse (Boselli & Gavazzi 2006). Ram pressure, the drag force
acting on the gas in a galaxy when it moves in the ICM, can strip
the cold ISM down to the stripping radius beyond which the
ram pressure exceeds the gravitational restoring force. Thus,
ram pressure stripping can decrease the gas content, quench the
global star formation rate (SFR), and lead to a morphological
transformation of the galaxy (e.g., Gunn & Gott 1972; Vollmer
et al. 2001b; Crowl & Kenney 2008; Quilis et al. 2000).
On the other hand, once the cold ISM has been stripped out
of the galaxy, it mixes with the hot ICM and eventually be-
comes part of it. Due to star formation in the galaxy, the ISM
initially should be metal rich, and stripping of this gas will en-
rich the ICM. Stripping of the ISM can also contribute to the
clumping of the ICM, which will induce significant biases in
observed ICM profiles based on X-ray measurements, further
affecting the use of clusters of galaxies as precise probes of cos-
mology (Nagai & Lau 2011). The stripped tails, with the rich
range of microphysical processes occurring within them and
at their interfaces with the ICM (e.g., Cowie & McKee 1977;
Nulsen 1982; Roediger & Hensler 2005; Kapferer et al. 2009;
Tonnesen & Bryan 2011), provide an excellent environment to
study the baryonic physics which is crucial to understand struc-
ture formation and evolution.
Since the first analytical discussion by Gunn & Gott (1972),
much evidence for ram pressure stripping has been found, ei-
ther by the deficit of H I gas (e.g., Giovanelli & Haynes 1985;
Cayatte et al. 1994; Vollmer et al. 2001b) or tails of stripped
gas (e.g., in H I: Kenney et al. 2004; Oosterloo & van Gorkom
2005; Chung et al. 2007, 2009; in Hα: Gavazzi et al. 2001a;
Sun et al. 2007, hereafter S07; Yagi et al. 2007; Yoshida et al.
2008; Smith et al. 2010; Yagi et al. 2010; Fossati et al. 2012; in
X-rays: Finoguenov et al. 2004; Wang et al. 2004; Rasmussen
et al. 2006; Sun et al. 2006; Sun et al. 2010, hereafter S10;
Wez˙gowiec et al. 2011). Meanwhile, much theoretical work has
been done with more realistic modeling of the galaxy structure
∗ Based on observations made with the Chandra X-ray Observatory and the Southern Observatory for Astrophysical Research (SOAR) telescope.
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and a fuller treatment of the processes, e.g., multiphase ISM
(Tonnesen & Bryan 2009), varying winds (Schulz & Struck
2001; Roediger & Bru¨ggen 2008b), star formation (Kronberger
et al. 2008; Fujita & Nagashima 1999), and magnetic fields
(Ruszkowski et al. 2012). In our previous work (S10), we pre-
sented the discovery of the spectacular X-ray tails attached to a
late-type galaxy, ESO 137-001, in the massive cluster A3627.
The tails are long (∼ 80 kpc) and narrow (< 8 kpc) with nearly
constant widths and temperatures (∼ 0.8 keV). Star formation is
active in the stripped gas, with many H II regions and young star
clusters (S07; S10). The most remarkable feature is the double
tails extending well outside of the tidally truncated dark matter
halo, making ESO 137-001 the first late-type galaxy with long
double X-ray tails (S10). S10 also presented the discovery of
an X-ray tail and a Hα tail associated with another late-type
galaxy in A3627, ESO 137-002, which are the focus of this pa-
per.
A3627 is the closest massive cluster (z = 0.0163, σrad = 925
km s−1 and kT = 6 keV), rivaling the prominent Perseus and
Coma clusters in mass and galaxy content. It is located be-
hind the Milky Way (b∼ −7◦) near the center of the Great At-
tractor (Kraan-Korteweg et al. 1996; Woudt et al. 2004, 2008).
ESO 137-002 (z = 0.0191) is a more massive and redder galaxy
than ESO 137-001 (see Table 1 for the basic parameters of the
two galaxies), and is viewed edge-on with a dust lane across its
bulge. ESO 137-002 also hosts a Seyfert-2-like nucleus (S10).
S10 presented the properties of ESO 137-002’s X-ray tail from
a 10′.8 off-axis Chandra observation with poor angular resolu-
tion. The galaxy is located near the edge of the CCD in that
observation, which makes the subtraction of background uncer-
tain. Now with a new, on-axis deep Chandra observation, the
properties of ESO 137-002’s X-ray tail can be much better con-
strained.
This paper is structured as follows: The observations and
data reduction are presented in Section 2. Section 3 describes
the spatial structure and spectral properties of ESO 137-002’s
tails, while the surrounding ICM is studied in Section 4. We
discuss some properties, particularly the pressure, of ESO 137-
002’s tails and compare them with other observations, mainly
with ESO 137-001’s tails, and then with simulations in Section
5. Finally the main results of our paper are summarized in Sec-
tion 6. We adopt H0 = 71 km s−1 Mpc−1, ΩM = 0.27, and
ΩΛ = 0.73, which yield a luminosity distance of 69.7 Mpc to
the galaxy and the scaling 1′′ = 0.327 kpc.
2. OBSERVATIONS AND DATA REDUCTION
The Chandra observation of ESO 137-002 was conducted
with the Advanced CCD Imaging Spectrometer (ACIS) on 2011
January 10-11 (ObsID 12950, PI: Sun). The observation was
telemetered in VFAINT mode. Standard Chandra data analy-
sis was performed with CIAO v4.4.1 and calibration database
v4.5.0. We started from the Level 1 events lists and applied the
CIAO tool chandra repro to obtain the new events files.
The light curve from source-free regions of the S3 chip was
examined. No background flares were found. The effective ex-
posure is 89.56 ks for the S3 chip. In the spectral analysis, a
lower energy cutoff of 0.5 keV was set to minimize calibration
uncertainties. The absorption was fixed at the Galactic value
toward the direction of ESO 137-002, 1.73×1021 cm−2 from
the Leiden/Argentine/Bonn H I survey (Kalberla et al. 2005).
The spectral fits were performed with XSPEC. AtomDB (the
atomic database adopted by XSPEC) v2.0 released in 2011 in-
cludes significant changes of the Fe L-shell data, which affect
the spectral fits for kT < 2 keV plasma (Foster et al. 2012).
However, work published prior to 2011 used AtomDB v1.3.1 or
older versions, including S10. Therefore, the results with both
AtomDB v2.0.1 and AtomDB v1.3.1 are listed. The C-statistic
in XSPEC was adopted and uncertainties quoted are 1σ .
The details of the SOAR observations and data reduction
were presented in Section 6.1 of S10 (see also S07). The in-
terested reader can refer to that section for more details.
3. THE TAILS OF ESO 137-002
3.1. Spatial Structure
The 0.5−2.0 keV Chandra count image is shown in panel a
of Figure 1. Point sources were removed and the point source
regions were filled with the surrounding background. The im-
age was smoothed by a Gaussian kernel of 3′′.94 to enhance
the low surface brightness features. Neither background sub-
traction nor exposure correction was applied, so as to show the
raw data in a minimally processed way. A long tail towards the
southeast is clearly seen from the image. The background sub-
tracted and exposure corrected image in the 0.5−2.0 keV band
is in panel d of Figure 1, with the main features marked. At the
upstream side of the tail, a sharp, flattened discontinuity (edge)
∼ 1.5 kpc from the galaxy center (taken as the location of the X-
ray AGN) is clearly visible, which is also shown in the surface
brightness profile along the tail in Figure 2. The tail is swollen
at the base, with a linear scale of ∼ 5 kpc for the widest part.
Then the tail narrows down and changes direction, extending
straight for ∼ 5 kpc. Afterwards it changes direction again and
stays straight for another ∼ 30 kpc before curving in the direc-
tion to the cluster center and fading into the surrounding ICM.
The swollen section and two straight parts of the tail, with a to-
tal length of ∼ 40 kpc in projection, are significantly above the
local background, while the curved part is only a marginal fea-
ture (Figure 2). The tail is narrow, with a full width at half max-
imum (FWHM) of 2.9± 0.2 kpc obtained for a Gaussian fit to
the surface brightness profile across the tail (Figure 2). Further-
more, the width along the tail does not increase (i.e., it does not
flare). This is in disagreement with simulations which do not
include cooling (e.g., Roediger & Bru¨ggen 2008b; Tonnesen &
Bryan 2010). On the other hand, simulations with cooling pro-
duce significantly narrower and less flared tails (e.g., Tonnesen
& Bryan 2011), in better agreement with our observations.
Figure 1 also shows the optical images from SOAR: the net
Hα images are in panels b and e, while the optical continuum
images are in panels c and f. The net Hα image in panel b
was smoothed with a 1′′.5 Gaussian while that in panel e was
smoothed with a 0′′.6 Gaussian. The Chandra 0.5− 2.0 keV
contours in red were overlaid on the images in panels e and f.
Panels b, c, e, and f all have the same size. Because the cluster
is very close to the Galactic plane, there are many foreground
stars, as revealed in the optical continuum image. With the stars
masked, the net Hα image shows a tail extending to ∼ 21 kpc
from the nucleus which spatially coincides with the X-ray tail.
The X-ray leading edge also corresponds to the Hα edge (Fig-
ure 3). These two facts imply that the X-ray tail and Hα tail are
physically one tail detected in different bands.
A striking feature revealed by the Hα image is the presence
of a secondary tail to the southeast of the main tail. The sec-
ondary tail bifurcates at a distance of ∼ 7.5 kpc from the nu-
cleus and diverges by∼ 23◦ from the main tail, extending∼ 12
kpc before becoming too faint to be observed. At the location
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of the Hα secondary tail in the Chandra image, the X-ray emis-
sion is enhanced at the ∼ 2σ level. A longer observation would
be required to confirm the possible X-ray double tails.
3.2. X-ray Spectral Properties
We measured the gas temperatures in four regions along the
X-ray tail, as shown in Figure 4. After excluding the central
small circle (3′′ in radius, centered on the X-ray AGN) from
the green circle, we define the remainder as the “head” of the
tail. The “head” corresponds to the swollen part while the
other three green boxes cover the two straight parts. Emission
from the curved part is so weak that we decided not to mea-
sure the temperature in this region. The background is from
local source-free regions. We fitted the spectra with the single-
kT (single APEC) model with absorption fixed at the Galactic
value. The results are shown in the upper right of Figure 4.
Mixing of the stripped ISM with the ICM naturally leads to a
multiphase distribution of gas in the tail, especially when tur-
bulence exists. As the cluster background is quite high and the
regions for extracting spectra are small, we chose to keep the
model simple. From Figure 4 (upper right panel), the temper-
ature variations are small (within 1.4σ ) so the whole tail has a
nearly constant temperature, which is similar to the X-ray tails
of ESO 137-001. The global tail region, defined as the three
green boxes (not including the “head”) on the left of Figure 4,
has a temperature of 0.95+0.04
−0.05 keV with the single-kT fit. How-
ever, the single-kT fit yields a very low abundance (0.18+0.09
−0.05
Z⊙), which is a reflection of the multiphase nature of the gas †.
Since the gas in the tail is multiphase in nature, we also tried
double-kT (double APEC) and multi-kT (CEMEKL) models
for spectral fitting. The results, as well as those with the single-
kT model, are shown in Table 2, in which we also list the fitting
results for the “head” and the nucleus, defined as the small cir-
cle excluded from the “head”. To compare with the X-ray tails
of ESO 137-001 in our previous work (S10), we also list the fit-
ting results with AtomDB v1.3.1, which was used in that work.
Figure 5 shows the spectral fit with a double-kT model. The
single-kT fit gives a temperature of 0.95+0.04
−0.05 keV, which can
be compared with the S10 result, 1.98+0.96
−0.56 keV. The new data
allow a better constraint on the local background, which results
in a more accurate and better constrained temperature measure-
ment.
The unfolded spectrum (i.e., deconvolved with the instru-
ments’ response under a given model) of the nucleus is dis-
played in Figure 6. A redshifted iron Kα fluorescence line
at ∼ 6.3 keV is present, with an equivalent width of 0.16+0.06
−0.04
keV. The nucleus is luminous, with a bolometric luminosity of
1.2×1043 erg s−1 (see Table 2). A bolometric correction factor
of 15 is adopted from Vasudevan & Fabian (2007). The high
column density, ∼ 2× 1023 cm−2, confirms that ESO 137-002
hosts an obscured AGN. Nishino et al. (2012) report the detec-
tion of excess hard X-ray emission from the center of A3627
with Suzaku. They checked the hard X-ray flux from a Seyfert-
1 galaxy, IGR J16119-6036 (WKK 6092), and concluded that
this flux is 4− 10 times too small to explain the observed hard
X-ray emission as combination of the thermal emission from
the ICM and a power-law from the Seyfert-1 galaxy. Since
ESO 137-002 hosts a luminous AGN, we compare its hard X-
ray (20− 40 keV) flux by extrapolating the Chandra spectrum
to that from IGR J16119-6036, and find that it is ∼ 3− 6 times
smaller. Therefore, the hard X-rays from both IGR J16119-
6036 and ESO 137-002 are insufficient to fully account for the
hard excess reported by Nishino et al. (2012).
4. THE SURROUNDING ICM
The spectral properties of the ICM surrounding the tail were
also examined. As the cluster emission and the X-ray back-
ground fill the whole chip, we used the stowed background, nor-
malized to our observation in the 9.5−12 keV band, to subtract
the non-X-ray background. Following Sun (2009), we mod-
eled the X-ray background with three components: a power-
law with a photon index of 1.5 and an APEC thermal model,
both with Galactic absorption, and an unabsorbed APEC ther-
mal model with a fixed temperature of 0.1 keV. Both APEC
thermal models had zero redshift and solar abundances. An-
other absorbed APEC thermal model with Galactic absorption
was added to describe the cluster emission. The spectra of the
ICM in 7 regions were extracted and then fitted together (ex-
cluding # 6 as it covers the curved part of the X-ray tail) in
order to increase the signal to noise ratio, which gives a tem-
perature of 7.08+0.32
−0.29 keV and an abundance of 0.13±0.06 Z⊙.
With the abundances fixed at this overall value, the spectra from
the 7 individual regions were fitted separately. The results are
shown in the lower right panel of Figure 4. Clearly, region # 6
has the lowest temperature, which is probably due to the con-
tamination by the remaining cold ISM. This suggests that the
tail is long and continues out to this region.
In order to derive the properties of the ICM near ESO 137-
002, we estimated the density of the ICM using the β model
profile for the cluster, ne = ne,0(1 + r2/r2c)−3β/2, derived by
Bo¨hringer et al. (1996). The cluster center was taken to be
the X-ray surface brightness peak (16:14:22, -60:52:20) as
given in the same paper. The parameters for A 3627 are
ne,0 = 2.4× 10−3 cm−3, rc = 9′.95, and β = 0.555. Assum-
ing the cluster-centric distance of ESO 137-002 is the pro-
jected distance (110 kpc, see Section 5.1 for a further discus-
sion), the electron density of the ICM at the position of the
galaxy is 1.9×10−3 cm−3. The thermal pressure and ram pres-
sure acting on ESO 137-002 are 4.2× 10−11 dyn cm−2 and
15.3(vgal/2000 km s−1)2× 10−11 dyn cm−2, respectively.
5. DISCUSSION
5.1. Properties of ESO 137-002’s Tails
The tail of ESO 137-002 is single-sided and our deep SOAR
i-band image does not reveal any tidal features, so tidal inter-
actions can be ruled out. Ram pressure stripping is the most
likely mechanism to produce the observed tail. A3627 is not
relaxed and is probably undergoing a merger with a subcluster
to the southeast of the main body of the cluster (Bo¨hringer et al.
1996; Nishino et al. 2012). Thus, the dynamics of the galaxies
† When a low resolution spectrum consisting of two or more kT components (with the average temperature of ∼ 1 keV) is fitted with the single-kT model, the Fe
abundance will be seriously biased low (e.g., Buote 2000a, 2000b). For 0.5− 1.5 keV plasma, the temperature is determined by the centroid of the Fe-L hump. Two
or more kT components excite Fe-L lines over a wider energy range than the single-kT model predicts, which means that the Fe-L hump is broader than the single-kT
model predicts. In order for the single-kT model to better fit the spectrum, one has to reduce the size of the peak of the single-kT model, i.e., the Fe abundance,
as well as to increase the bremsstrahlung continuum (Buote 2000b; Bo¨hringer & Werner 2010). As a result, the abundance will be biased low, since the abundance
for ∼ 1 keV gas in APEC is essentially determined by the Fe abundance. Studies of cool-core clusters and groups have shown that the abundance increases when a
double-kT model or more complicated differential emission models are used (e.g., Buote et al. 2003; Werner et al. 2006).
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and the ICM in the cluster are complex, which is reflected by
the projected configuration of ESO 137-002’s tail with respect
to the cluster and the galaxy. The angle between the X-ray
tail and the direction to the cluster center (taken as the X-ray
peak) is ∼ 60◦, so the galaxy is currently moving away from
the cluster center in the plane of the sky. Meanwhile, the line-
of-sight velocity of the galaxy with respect to the cluster is 872
km s−1, suggesting that along the line-of-sight, the galaxy is
either approaching the cluster center from the front, or moving
away from the cluster center from the behind. The orbit of the
galaxy can be constrained further by the early stage of stripping
of ESO 137-002 as discussed below. Targeted simulations will
be required to fully explore the orbit of ESO 137-002, but such
simulations are beyond the scope of this paper.
Despite the complexity of the dynamics, two observational
results indicate that most of ESO 137-002’s current motion is
probably in the plane of the sky. First, the 3-dimensional veloc-
ity dispersion in the inner 1/3 Abell radius (0.67 Mpc) of the
cluster is∼ 1700 km s−1 (Woudt et al. 2008). Taking this value
as the 3-dimensional velocity of the galaxy, the velocity in the
plane of the sky is 1460 km s−1, significantly larger than the
line-of-sight velocity (872 km s−1). Second, the leading edge
is very sharp (Figures 1 and 2), suggesting that we are view-
ing the stagnation region directly. If so, the angle between the
motion and the plane of the sky cannot be large (e.g., Mazzotta
et al. 2001; Markevitch & Vikhlinin 2007). As the direction of
the tail is opposite to the motion, the tail probably lies approxi-
mately in the plane of the sky, so the length of the tail should be
close to its projected value. It is also likely that ESO 137-002
is closer to the center of the cluster than ESO 137-001, and is,
in fact, not too far beyond its projected radius. A comparison
of the surface brightness of the X-ray tails of ESO 137-002 and
ESO 137-001 (Figure 2 and Figure 5 of S10) shows that the
emissivity of the gas in ESO 137-002’s tail is higher than that
in ESO 137-001’s tail. This implies that the pressure around
ESO 137-002’s tail is higher than that around ESO 137-001’s
tail (Tonnesen & Bryan 2011). Thus, ESO 137-002 is probably
closer to the cluster center than ESO 137-001. Since the cluster-
centric distance of ESO 137-001 is close to 180 kpc (S10),
this means that the cluster-centric distance of ESO 137-002 is
probably less than 180 kpc (the projected distance is 110 kpc).
Therefore, both the length of the tail and the cluster-centric dis-
tance of ESO 137-002 should be close to their projected values.
The morphology of the X-ray tail (Figure 1) is affected by the
galactic potential, the strength of the ram pressure and the clus-
ter gravitational field. The swollen part of the tail may largely
be due to the complex potential of the galaxy, while the second
straight part should be aligned with the direction of the ICM
flow relative to the galaxy (the wind). The first straight part is a
consequence of the wind’s ram pressure and the restoring force
of the galaxy. To push gas outward in the disk, the drag force
per unit mass needs to exceed the central acceleration v2K/r,
where vK is the circular velocity and r is the distance to the cen-
ter of the galaxy. The restoring force per unit mass perpendicu-
lar to the disk is 2piGΣ, where Σ is the surface mass density of
the disk. Therefore, if the drag force per unit mass F , acts at an
angle θ to the plane of the disk, at the point where the gas just
leaves the disk, we have F cosθ ≃ v2K/r and F sinθ ≃ 2piGΣ.
Eliminating F , this gives the surface density of the disk at that
point, Σ ≃ v2K tanθ/(2piGr). Taking θ ≃ 11◦ and r ≃ 5 kpc
from Figure 1, and assuming vK = 200 km s−1, we get Σ ≃ 57
M⊙ pc−2, which is close to the surface mass density (49± 6
M⊙ pc−2) that Binney & Tremaine (2008) give for the Milky
Way in the solar neighborhood. This agreement is expected, as
ESO 137-002 is a Milky-Way-like galaxy and the distance of
the point where the gas just leaves the disk to the galaxy’s cen-
ter is close to the Sun’s distance to the Galactic center, so the
resulting stellar surface density should be comparable. This in
turn implies that our simple argument is reasonable. The curved
part is probably caused by sinking of the stripped gas due to the
gravitational field of the cluster.
The mass of the X-ray tail can be estimated if some approxi-
mations are made. If we assume the configuration of the tail can
be represented by a cylinder with a length of 40 kpc and radius
of 1.5 kpc, and the gas in the tail is homogeneous and the emis-
sion can be well described by the single-kT model, utilizing the
normalization of the spectral fit, we can derive a total mass of
2.0 f 1/2×108 M⊙, where f is the filling factor of the soft X-ray
emitting gas. Applying the same approach to the individual re-
gions gives a total mass of 2.5 f 1/2× 108 M⊙. This is a lower
limit of the total mass of the tail, as we only account for the X-
ray bright part of the tail and this mass is only the mass of the X-
ray emitting gas. S10 estimated a total ISM mass of the galaxy
to be∼ (4−9)×109 M⊙ initially. Thus, the X-ray tail accounts
for 2.2 f 1/2%−5.0 f 1/2% of the initial ISM mass, which is very
small given the high ram pressure. Numerical simulations of-
ten show that large fractions (80% or even higher) of the gas are
stripped out of galaxies (e.g., Kapferer et al. 2009; Tonnesen &
Bryan 2009) after a sufficiently long time. The low mass in the
X-ray tail suggests that a large fraction of the ISM may be still
in the disk. Actually, with two pointings toward ESO 137-002,
Ja´chym et al. (2013, in preparation) found ∼ 3.5× 109 M⊙ of
molecular gas in the galaxy with the Atacama Pathfinder EX-
periment telescope (APEX). Thus, ESO 137-002 is probably at
an early stage of stripping.
The mass of the Hα tails can be estimated as follows.
The Hα tails can be approximated as three cylinders centered
at (16:13:36.53, -60:52:13.4), (16:13:38.06, -60:52:43.7), and
(16:13:39.42, -60:52:41.9) (J2000), respectively. The dimen-
sions of the three cylinders are 1.5× 7.6 kpc, 1× 13.5 kpc,
and 1× 12 kpc (radius×length), respectively. While the first
cylinder is still in the stellar disk of the galaxy, the other two
cylinders represent the two tails after the bifurcation point and
are beyond the stellar disk. The surface brightness of the Hα
emission was measured. We corrected the Hα flux for the [N
II] lines by assuming that the combined strength of the [N II]
lines was 30% of the Hα line. No intrinsic absorption was as-
sumed. The average Hα surface brightness in the three regions
is 10×10−17 erg s−1 cm−2 arcsec−2, 2.3×10−17 erg s−1 cm−2
arcsec−2, and 1.0×10−17 erg s−1 cm−2 arcsec−2, respectively.
The total Hα flux from the three regions is 2.9×10−14 erg s−1
cm−2, but 73% of the flux comes from the first region which
is still in the stellar disk. This total flux can be compared with
that from ESO 137-001’s Hα tails, 4.4×10−14 erg s−1 cm−2
(S07). To estimate the mass of the Hα emitting gas, we as-
sume an electron temperature of 104 K and an effective recom-
bination coefficient for Hα of 1.17× 10−13 cm3 s−1 from the
case B nebular theory (Osterbrock & Ferland 2006). The de-
rived electron density is 0.05 f−1/2Hα − 0.13 f−1/2Hα cm−3, wherefHα is the volume filling factor of the Hα emitting gas. The
total mass is 4.2 f 1/2Hα × 108 M⊙ (the mass of the three parts is
2.4 f 1/2Hα × 108 M⊙, 1.1 f 1/2Hα × 108 M⊙, and 0.67 f 1/2Hα × 108 M⊙,
respectively). Numerical simulations of ram pressure stripping
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indicate that bright Hα emission is produced at the edges of
dense neutral clouds (Tonnesen & Bryan 2011). Thus, the vol-
ume filling factor should be small. While the observed root
mean square (rms) electron density in the tail of ESO 137-001
is ∼ 0.045 f ′−1/2Hα cm−3 (S07), in simulations (with the ICM
thermal pressure consistent with that around ESO 137-001), the
typical local density of the Hα gas is ∼ 1 cm−3 (Tonnesen &
Bryan 2011). Thus, the volume filling factor in this case is
about 0.2%. If this filling factor is adopted, the total mass of
the Hα emitting gas in ESO 137-002’s tails is 1.9×107 M⊙. Of
course, the volume filling factor is a big uncertainty here. Nev-
ertheless, this suggests that the mass of the Hα tails is probably
a small fraction of the X-ray tail. H I observations failed to de-
tect H I emission toward the direction of ESO 137-002 (Vollmer
et al. 2001b), but ESO 137-002 is only 8′ from the strong radio
galaxy PKS 161060 (43 Jy at 1.4 GHz). Future deep multi-
wavelength observations are required to constrain the amount
and distribution of the multiphase gas in the tail.
5.2. Is the X-ray Tail Over-Pressured?
The thermal pressure in the X-ray tail can be calculated by
spectral fitting. From the single-kT model fit, the electron den-
sity in the tail is 0.025 f−1/2 cm−3. For a temperature of 0.95
keV, this yields a thermal pressure of 7.3 f−1/2 × 10−11 dyn
cm−2 in the tail. Pressures in individual regions range from
4.6 f−1/2 × 10−11 dyn cm−2 to 9.4 f−1/2 × 10−11 dyn cm−2,
with ∼ 30% errors. We also fitted a double-kT model. By as-
suming pressure balance between the higher and lower temper-
ature components in the tail, we find that the higher temperature
component occupies 94% of the total volume of the stripped
gas. Taking into account the normalizations of the two compo-
nents, we obtain densities of 0.020 f−1/2 cm−3 and 0.054 f−1/2
cm−3 for the hotter and cooler components, respectively (note
that f is the total volume filling factor of the two components,
not the factor for each component separately). This yields a
thermal pressure of 6.6 f−1/2× 10−11 dyn cm−2 in the tail. Fi-
nally, we tried a multi-kT model, which gives a total pressure of
17.8 f−1/2× 10−11 dyn cm−2 under isobaric condition. We list
the thermal pressures in the tail with different models together
with the pressure in the ICM and the ram pressure in Table 3.
We can see that the tail is “over-pressured” for all three models.
The nearly constant width along the length (& 40 kpc) of the
tail implies that it should be in near pressure equilibrium with
the surrounding ICM, rather than over-pressured. Otherwise,
the tail would expand with distance. There are several effects
that might explain, at least partially, the apparent higher pres-
sure in the tail ‡.
First, the normalization of the spectral fit, and hence the
electron density and pressure, is very sensitive to the unknown
abundance. This is due to the fact that at these temperatures,
most of the X-ray emission is due to lines from heavy ele-
ments. For example, with the single-kT fit, when the abundance
is 0.18 Z⊙ (best-fit), 0.5Z⊙, and 1Z⊙, respectively, the pressure
in the tail is 7.3 f−1/2×10−11 dyn cm−2, 5.2 f−1/2×10−11 dyn
cm−2, and 3.8 f−1/2× 10−11 dyn cm−2, accordingly. Note that
a higher abundance, which is more reasonable for ESO 137-
002, significantly reduces the gas pressure in the tail.
Second, the lower thermal pressure in the ICM may im-
ply that other sources of pressure are important (e.g., mag-
netic pressure). Adopting 7.3 f−1/2 × 10−11 dyn cm−2 and
4.2× 10−11 dyn cm−2 for the pressures in the tail and in the
ICM, respectively, and assuming a filling factor of 1, we ac-
quire a magnetic field strength of ∼ 30 µG at the position of
the tail in A3627, which is larger than typical values of a few
µG in clusters. It is representative of the magnetic fields in the
very centers of cool-core clusters (e.g., Carilli & Taylor 2002),
but A3627 is a non-cool-core cluster (Bo¨hringer et al. 1996).
We emphasize that it is unlikely that the magnetic field in the
ICM is this large at this location. Moreover, we did not account
for magnetic support in the tail, which may be amplified in the
process of stripping and might even dominate (Ruszkowski et
al. 2012). Therefore, the true magnetic field strength may be
very different from the above value. Nevertheless, magnetic
pressure in the ICM might help to alleviate the “over-pressure
problem”.
Last but not least, so far we have assumed that the soft X-
ray emission is of thermal origin, but charge exchange may
also produce a fraction of the observed soft X-ray flux § (see
Dennerl 2010 and Lallement 2004 for a review and applica-
tion to astrophysical environments). Due to the poor spectral
quality of the data and many unknown quantities, it is impos-
sible to resolve individual lines and calculate the contribution
to the total flux from charge exchange emissions. Nevertheless,
a crude upper limit can still be obtained if some assumptions
and approximations are made. The local emissivity of charge
exchange for a particular line (assuming single electron cap-
ture) is P ∝ ninneuVσ , where the four quantities from left to
right are the ion number density, the neutral gas density, av-
erage relative velocity of the ions and neutral atoms, and the
cross section of charge exchange emission for this particular
line (Liu et al. 2011). H I observations with a column density
sensitivity limit of 2× 1020 cm−2 failed to detect H I toward
ESO 137-002 (Vollmer et al. 2001b), from which we derive an
upper limit on the average H I gas density in the tail of . 0.02
cm−3. As the X-ray emission from the tail is most significant in
the 0.7−1.2 keV band, following Fabian et al. (2011), we only
account for charge exchange emissions from Fe L-shell lines
and O VIII lines in the same energy band and assume that they
all have an average energy of 1 keV. The relative velocity is
another unknown parameter. We assume that once the neutral
gas has been stripped, it is at rest relative to the ICM and the
velocities of the ions are their rms thermal velocities. In this
way, we obtain an upper limit on the flux from charge exchange
emissions of . 3× 10−10 erg s−1 cm−2. This limit is almost
four orders of magnitude larger than the observed flux in the
0.7− 1.2 keV band. Note that in the above crude upper limit,
we used the whole tail volume, which is much larger than the
true volume where charge exchange takes place, as this process
only occurs roughly at the interface of the hot and cold gas.
So the true flux due to charge exchange would be much smaller
than this limit. Nevertheless, this suggests that charge exchange
may potentially contribute to the observed soft X-ray flux, and
hence reduce the derived pressure in the tail.
In summary, the uncertainties in the abundance, thermal vs.
‡ Note that simply abandoning the assumption that the cluster-centric distance is close to the projected distance does not ease this problem, since it results in a larger
cluster-centric distance and reduces the pressure in the ICM, which makes the “over-pressure problem” more severe.
§ Charge exchange may also produce Hα emission, but we only introduce it here as a possible mechanism to produce some of the soft X-ray emission, in order to
explain the apparent higher pressure in the tail. A thorough study and detailed modeling of charge exchange in the case of stripped tails is beyond the scope of this
paper.
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non-thermal X-ray emission, or magnetic support in the ICM
may cause the pressure in the tail to appear to be higher than
that in the ICM. However, the nearly constant width of the tail
suggests that it is most likely in near pressure equilibrium with
the ambient ICM.
5.3. Comparison with Other Observations of Galaxy Tails
Despite growing observational evidence for tailed galaxies in
different bands, X-ray tails are rare for late-type galaxies, and
their formation mechanisms appear to be quite diverse. There
is a feature extending about 22′′ (88 kpc) attached to C 153 in
A2125 (Wang et al. 2004). Because of the limited statistics,
it is not clear whether the feature indeed represents a coherent
diffuse X-ray tail. UGC 6697, a starburst galaxy, has an X-ray
tail up to 60 kpc in length, but most of its X-ray emission is
within the galaxy (Sun & Vikhlinin 2005). Its velocity field
and peculiar morphology may imply the presence of a second
galaxy hidden behind the main body of UGC 6697 (Gavazzi
et al. 2001b). Thus, tidal interaction may also contribute to its
formation. NGC 6872 is the first galaxy with a long (90 kpc)
X-ray tail in a poor galaxy group. The tail lies in the region
between NGC 6872 and the dominant elliptical galaxy NGC
6876 in the Pavo group. This tail might be either the intra-
group gas gravitationally focused into a Bondi-Hoyle wake, or
a thermal mixture of the intragroup gas with gas removed from
NGC 6872 by turbulent viscous stripping, or a combination of
both (Machacek et al. 2005). NGC 4388, NGC 4501, NGC
4438 and NGC 2276 all possess short (10−20 kpc) X-ray tails
(Machacek et al. 2004; Wez˙gowiec et al. 2011; Rasmussen et
al. 2006), while most of the diffuse X-ray emission from NGC
4388 and NGC 4438 splits into two main streams that may rep-
resent double tails (Randall et al. 2008). Both ESO 137-001 and
ESO 137-002 have long X-ray tails (∼ 80 kpc and & 40 kpc, re-
spectively) and double tails (X-rays and Hα for ESO 137-001,
Hα as well as an X-ray enhancement apart from the main X-
ray tail for ESO 137-002). Moreover, both galaxies reside in
the same cluster. We mainly compare the tails of these two
galaxies below. S07 and S10 studied the tails of ESO 137-001
in detail. For simplicity, we will not list the references when we
cite results from them except for special emphasis. The reader
can find more information about ESO 137-001 and its tails in
these two papers. The X-ray properties of ESO 137-001 and
ESO 137-002 as well as their tails are summarized in Table 4,
in which we also update the results for ESO 137-001’s X-ray
tails with AtomDB v2.0.1 in order to allow direct comparisons.
ESO 137-001 is a blue emission-line galaxy at a projected
distance of 180 kpc from the X-ray peak of the cluster. Its radial
velocity is close to the average velocity of the cluster (Woudt et
al. 2008), which means that most of its motion is probably in
the plane of the sky. ESO 137-002 is redder and more massive
with a projected distance of 110 kpc to the cluster center. As
discussed in Section 5.1, most of its motion is also probably
in the plane of the sky. There are no signs of merger or tidal
features for either galaxy. Therefore, the tails of both galaxies
are formed due to ram pressure stripping. From the directions
of the tails and morphologies of the galaxies, it is inferred that
ESO 137-001 is probably undergoing nearly face-on stripping
while ESO 137-002 is undergoing nearly edge-on stripping.
The length of ESO 137-001’s main X-ray tail is twice as
long as the significantly detected part of ESO 137-002’s X-ray
tail. Both tails are very narrow, although ESO 137-002’s tail is
twice as thin, which may be due to the nearly edge-on stripping
for ESO 137-002 compared to the nearly face-on stripping for
ESO 137-001. The width do not increase along the tail for ei-
ther galaxy, indicating that the tail should be in near pressure
equilibrium with the surrounding ICM. However, X-ray spec-
tral fitting yields apparently higher pressures than in the sur-
rounding ICM (see Section 5.2 for a detailed discussion). There
are Hα tails for both galaxies, while ESO 137-001 also has a
H2 tail (Sivanandam et al. 2010). However, these Hα and H2
tails have masses which are probably much smaller than the X-
ray tails. The low mass of the X-ray tail compared to the initial
mass of the ISM for ESO 137-002 may indicate that this galaxy
is at an early stage of stripping, which is confirmed by a large
amount of molecular gas still remaining in its disk (Ja´chym et
al. 2013, in preparation).
Both X-ray tails of ESO 137-001 and the X-ray tail of
ESO 137-002 have nearly constant temperatures along their
lengths (0.92 keV and 0.95 keV, respectively), and the tempera-
tures of the two galaxies’ tails are very similar (∼ 1 keV) which
may suggest that some properties of the tail might be somehow
affected by the cluster environment. Moreover, the abundances
with the single-kT fits of the tails of the two galaxies are very
low, likely a reflection of multiphase gas in the tails.
A striking difference between the Hα tails of the two galax-
ies is that ESO 137-001 has over 30 luminous H II regions in
its stripped gas while none was detected in ESO 137-002’s tails
(S07; S10). To search for H II regions downstream ESO 137-
002’s Hα tails, we followed a similar analysis as S07 for
ESO 137-001. SExtractor was run to detect compact sources
like H II regions and stars in the two narrow bands (S07), giving
the noise level of the data. The same color selection criteria as
used in S07 (Section 3) were applied, which results in zero de-
tection. The upper limit on the Hα luminosity for an individual
H II region that was undetected is 1038 erg s−1. In comparison,
there are 27 H II regions above this limit detected in ESO 137-
001’s Hα tails, with a total SFR of 0.25 M⊙ yr−1 (no intrinsic
absorption assumed). It is unclear how many undetected H II
regions there are in ESO 137-002’s Hα tails. However, the
average Hα surface brightness of the parts of ESO 137-002’s
tails that are beyond the galactic disk is ∼ 1.5× 10−17 erg s−1
cm−2 arcsec−2, similar to the typical Hα surface brightness of
ESO 137-001’s tails and other Hα tails (S07; Gavazzi et al.
2001a; Yagi et al. 2007). The total Hα luminosity of the parts
of the tails beyond the galactic disk is 4.5×1039 erg s−1. The
excitation mechanism of the Hα tails is complex and beyond
the scope of this paper. Even if all the diffuse Hα emission
from the tails beyond the galactic disk is caused by star forma-
tion, assuming the Kennicutt (1998) SFR−LHα relation and no
intrinsic extinction, the total SFR is only 0.036 M⊙ yr−1. There-
fore, the star formation activity in ESO 137-002’s tails is much
weaker than that in ESO 137-001’s tails. If the cluster-centric
distances of both galaxies are close to their projected distances,
as discussed above and in Section 5.1, then both the density
and pressure around ESO 137-002’s tails are higher than those
around ESO 137-001’s tails (Table 4), which should advantage
star formation in ESO 137-002’s tails (Kapferer et al. 2009;
Tonnesen & Bryan 2012). What mechanism prohibits it then?
Is the surface density of cold gas in ESO 137-002’s tails too low
to form stars? What is the critical factor that determines SFR in
a tail? These questions cannot be answered with current data.
The most striking similarity between the tails of ESO 137-
001 and ESO 137-002 is that they both show double-tail fea-
tures (see S10 for the case of ESO 137-001). The double tails
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of ESO 137-001 are seen in X-rays and Hα , while the double
tails of ESO 137-002 are in Hα (although they are probably
also double in X-rays). One apparent difference is that the sec-
ondary tails bifurcate at different distances from the nuclei of
the two galaxies (see Figure 1 in this work and Figure 1 in S10).
The formation mechanism of the double tails is not known. Two
possible explanations are discussed in the next section.
5.4. Comparison with Numerical Simulations
Since the first analytical discussion by Gunn & Gott (1972),
many theoretical studies of ram pressure stripping have been
done with more realistic conditions, such as the inclusion of
varying winds, viscosity, multiphase ISM, radiative cooling,
and star formation (Abadi et al. 1999; Schulz & Struck 2001;
Vollmer et al. 2001a; Marcolini et al. 2003; Ja´chym et al. 2007;
Roediger & Bru¨ggen 2008a; Kapferer et al. 2009; Tonnesen &
Bryan 2009, and references therein). In general, these simula-
tions produce truncated gas disks down to the stripping radius
and long tails in the downwind directions which are qualita-
tively consistent with observations, but a complete quantitative
agreement among the simulations or with observations has not
been achieved yet.
Tails in the simulations are generally much longer (e.g., >
100 kpc in Roediger & Bru¨ggen 2008b and Tonnesen & Bryan
2010, 400 kpc in Kapferer et al. 2009), more flared, and wider
(e.g., 85 kpc at a distance of 125 kpc to the galaxy in Ton-
nesen & Bryan 2010). The simulations by Roediger & Bru¨ggen
(2006) show that the widening of the tails is independent of the
galactic inclination, which led them to conclude that the dy-
namics of the widening is independent of the galaxy but intrin-
sic to the ICM flow. Turbulence in the wake is the main cause of
the flaring (Roediger & Bru¨ggen 2008b). Given the nearly con-
stant width of ESO 137-002’s X-ray tail, turbulence must not
be very strong in the tail. Including radiative cooling results in
tails that are significantly narrower and less flared (Tonnesen &
Bryan 2010), which are in better agreement with observations.
To compare with ESO 137-001, Tonnesen & Bryan (2011) used
ICM parameters comparable to those around this galaxy. Tails
with nearly constant widths could be produced. However, the
tails were too wide in their simulations. They did model a larger
galaxy than ESO 137-001; however, the widths of the tails were
still greater than the diameter of the galaxy, which is inconsis-
tent with observations of ESO 137-001 and its tails. Because
they modeled a face-on stripping, we cannot compare their sim-
ulations directly with the X-ray tail of ESO 137-002. However,
the extreme narrowness of ESO 137-002’s tail is likely to be
a big challenge for simulations, considering the difficulty they
had to produce a narrow tail comparable to observations for
face-on stripping.
What is the relation between tails in different bands (e.g., X-
rays, Hα , H I)? What is the distribution of the multiphase gas?
What determines the survival of the stripped gas? Tonnesen &
Bryan (2011) simulated ICM conditions similar to those around
ESO 137-001 to investigate these questions. Their results show
that a high ICM pressure (> 9× 10−12 erg cm−3 for the con-
ditions in their simulations) will result in an X-ray bright tail.
From Table 4, both the ICM pressures around ESO 137-001
and ESO 137-002 are higher than the minimum pressure that
is required to make the tail X-ray bright in their simulations.
The X-ray emission comes from mixing of cold gas stripped
from the galaxy with the hot ICM and is not localized near
the dense clouds, in contrast to the Hα emission which peaks
at the edges of the neutral clouds so it traces their distribution
(Tonnesen & Bryan 2011). This distribution of the multiphase
gas is consistent with the longer X-ray tails than Hα tails ob-
served for both ESO 137-001 and ESO 137-002 (Tonnesen &
Bryan 2011). However, they only modeled mixing via adiabatic
compression and small-scale turbulence. Thermal conduction,
which they did not include, may transport a large amount of
heat from the ICM to the cold stripped gas; this would have a
profound impact on the phase diagram of the gas in the tails. H
I tails were predicted for both ESO 137-001 and ESO 137-002,
with at least the same lengths as their Hα tails. Therefore, fu-
ture deep 21-cm observations and observations in other bands
(e.g., CO observations) would test their model and better con-
strain the distribution of the multiphase gas in the tails, as well
as the physical processes that determine the excitation and sur-
vival of the tails in different bands.
Although ram pressure acts to strip gas down to the strip-
ping radius, which will eventually quench star formation, some
authors argue that the central region of the galaxy will be com-
pressed so as to increase star formation or even induce a star
burst on a shorter timescale (Fujita & Nagashima 1999; Schulz
& Struck 2001; Vollmer et al. 2001a; Kronberger et al. 2008;
Kapferer et al. 2009; but see Tonnesen & Bryan 2012). Star
formation in the stripped tail can also occur as revealed both ob-
servationally (e.g., S07; Yoshida et al. 2008) and theoretically
(e.g., Kapferer et al. 2009; Tonnesen & Bryan 2012). Kapferer
et al. (2009) applied a combined N-body/hydrodynamic de-
scription (GADGET-2) with radiative cooling and a recipe for
star formation and stellar feedback to calculate the effect of
ram pressure stripping on disk galaxies. Their results suggest
that star formation could be enhanced by more than an order
of magnitude under a high ram pressure (5×10−11 dyn cm−2),
and that up to 95% of the newly formed stars can be found in
the wake of the galaxy out to a distance greater than 350 kpc.
The enhancement in star formation is more dependent on the
surrounding gas density than on the relative velocity (Kapferer
et al. 2009). On the other hand, Tonnesen & Bryan (2012) used
the adaptive mesh refinement (AMR) code ENZO including
cooling and thermal feedback to study star formation in ram
pressure stripped tails and found that SFR in the tail is low and
depends primarily on the pressure in the ICM rather than the
ram pressure strength.
Despite the many differences between their methods and re-
sults, both groups agree that a higher ICM density or pressure
will increase star formation in the tail. From Table 4, we can
see that both the ICM density and pressure around ESO 137-
002’s tails are higher than those around ESO 137-001’s tails
(assuming that the cluster-centric distances of the two galax-
ies are close to their projected distances, see the discussions
in Sections 5.1 and 5.3), yet star formation is far more active
in ESO 137-001’s tails than in ESO 137-002’s tails (Section
5.3). This inconsistency with those simulations may imply that,
due to the complexity of star formation, the effects of some
other factors (e.g., thermal conduction or magnetic fields) ex-
ceed those of external pressure and density on star formation in
the tails of the two galaxies in question.
One particular factor we would like to address is inclination.
ESO 137-002 is undergoing nearly edge-on stripping, in which
case continuous stripping (Nulsen 1982) is important and strip-
ping proceeds on a longer time-scale (see Roediger & Bru¨ggen
2006 and references therein). It is reasonable to assume that the
gas is more uniformly deposited in the wake due to the much
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milder stripping. This is supported by the smooth morphology
of ESO 137-002’s X-ray tail compared to the clumpy X-ray
tails of ESO 137-001 which is undergoing nearly face-on strip-
ping. One might expect that star formation is more difficult in
a tail with a more uniform gas distribution, which may (partly)
explain the difference between the tails of ESO 137-001 and
ESO 137-002. The test of this hypothesis and the answer to the
issue will require further study.
The origin of the double-tail feature is an interesting ques-
tion. S10 presented the discovery of the first long double
X-ray tails associated with a late-type galaxy, ESO 137-001,
and proposed that stripping of two spiral arms results in the
double tails. While this simple explanation is appealing be-
cause gas indeed follows spiral structures in late-type galaxies,
it may have a problem in explaining the double tails in face-
on stripping cases. None of the purely hydrodynamical sim-
ulations of ram pressure stripping have produced double tails.
Recently, Ruszkowski et al. (2012) made the first simulations
of a disk galaxy exposed face-on to a uniformly magnetized
wind. The inclusion of magnetic fields has a strong impact on
the morphology of the tails; they are more filamentary rather
than clumpy in the hydrodynamical simulations. Their simu-
lations also show the formation of double magnetized density
tails which Ruszkowski et al. (2012) interpreted as the folding
of the ambient magnetic fields around the galaxy. However,
more work needs to be done to compare this folding of the
magnetic field with previous studies on magnetic draping (e.g.,
Lyutikov 2006; Dursi & Pfrommer 2008; Pfrommer & Dursi
2010). Future simulations should consider a varying wind, as
well as include the effect of the interstellar (as opposed to intr-
acluster) magnetic field, which evolves due to compression and
shear motions (e.g., Otmianowska-Mazur & Vollmer 2003) or
dynamo processes (e.g., Moss et al. 2012) induced by the ram
pressure. They should also consider the back reaction exerted
by the magnetic field on the process of stripping (e.g., magnetic
draping). Nevertheless, the results of Ruszkowski et al. (2012)
are intriguing and suggest that magnetic field are important in
ram pressure stripping. More targeted simulations including
both the intracluster and interstellar magnetic fields as well as
modeling of spiral arms are needed for a better understanding
of the formation of double tails.
6. SUMMARY
In this work, we present the analysis of a new, on-axis obser-
vation of ESO 137-002 with the Chandra X-ray observatory,
as well as the results of optical observations with SOAR. We
study the spatial structure and spectral properties of the tails.
Detailed comparisons with the similar tails of ESO 137-001 and
with simulations are made. Our main results are:
1) The Chandra data show a long (& 40 kpc) and narrow
tail with a nearly constant width (∼ 3 kpc) downstream of
ESO 137-002 (Section 3.1 and Figures 1 and 2) . The Hα image
also reveals a tail spatially coincident with the X-ray tail, with
a sharp leading edge corresponding to the X-ray edge (Section
3.1 and Figures 1 and 3). We conclude that the tail is caused
by nearly edge-on stripping by ram pressure (Sections 5.1 and
5.3).
2) The X-ray tail has a temperature of 0.95+0.04
−0.05 keV with the
single-kT fit (Section 3.2 and Table 2). The abundance with the
single-kT fit is low (0.18+0.09
−0.05 Z⊙), which indicates that the gas
in the tail is multiphase (Section 3.2). Spectral fits to individ-
ual regions along the tail with the single-kT model give similar
temperatures (Figure 4). The spectral fit to the nucleus reveals
an obscured Seyfert-2-like AGN with a bolometric luminosity
of ∼ 1.2× 1043 erg s−1 (Section 3.2).
3) The mass of the X-ray tail is only a small fraction (< 5%)
of the initial ISM mass of the galaxy (Section 5.1). This sug-
gests that the stripping of ESO 137-002’s ISM may be at an
early stage, which is confirmed by the detection of a large
amount of molecular gas in the disk. The mass of the Hα tails is
probably a small fraction of the X-ray tail (Section 5.1). Future
H I, CO, and infrared observations of ESO 137-002 are required
to constrain the amount and distribution of the ISM both in the
galaxy and its tail.
4) X-ray spectral fitting with the single-kT , double-kT , and
multi-kT models yields apparently higher pressures in the tail
than in the nearby ICM (Section 5.2 and Table 3). However,
the nearly constant width along the tail suggests that it is in
near pressure equilibrium with the ambient ICM. This “over-
pressure problem” may be due to the sensitive dependence of
pressure on the abundance, or additional source of pressure
(e.g., magnetic field) in the ICM, or non-thermal origin (i.e.,
charge exchange) of part of the observed soft X-ray emission
(Section 5.2). Deep X-ray spectroscopic data and radio obser-
vations are needed to place better constraints. The nearly con-
stant width also disfavors strong turbulence in the tail (Section
5.4).
5) Apart from an Hα tail (∼ 21 kpc) corresponding to the
X-ray tail, the SOAR data also reveal a secondary tail (∼ 12
kpc) bifurcating at a distance of∼ 7.5 kpc from the nucleus at a
∼ 23◦ angle to the main tail (Section 3.1 and Figure 1). Along
the secondary Hα tail, the X-ray surface brightness is enhanced
at the ∼ 2σ level. Future deep X-ray observations are required
to examine the possible double X-ray tails of ESO 137-002.
6) Comparisons between the tails of ESO 137-002 and
ESO 137-001 show similarities (e.g., narrow, not flared, con-
stant temperature, double tails) and differences (e.g., star for-
mation, tail morphology) (Section 5.3), both of which pose
challenges to current simulations (Section 5.4). Why are the
tails so narrow? What effect does thermal conduction have on
the multiphase gas in the tails? Why are X-ray tails so rare for
late-type galaxies? What are the crucial factors that determine
SFR in the tails, and why do these differ between ESO 137-001
and ESO 137-002? What is the origin of the observed double
tails?
The discovery of ESO 137-002’s tails (X-rays and Hα) pro-
vides a unique laboratory to study ram pressure stripping and
the subsequent gas evolution in the tails. First, ESO 137-002
is undergoing nearly edge-on stripping, while most simulations
deal with a face-on geometry. Consequently, it is a good case
to study the influence of inclination on the behavior of ram
pressure stripping, including mass loss (Roediger & Bru¨ggen
2006), the gas distribution, and SFR in the tail (Section 5.4).
Second, it is known that bright X-ray tails are rare for late-type
galaxies (S10). The discovery of ESO 137-002’s X-ray tail pro-
vides new constraints on the origin of X-ray bright tails (Sec-
tion 5.4), and may provide some clues on why X-ray tails are
so rare. Third, the fact that the X-ray tails of both ESO 137-001
and ESO 137-002 have very narrow and nearly uniform widths,
constant and similar temperatures, “low abundances”, and are
apparently “over-pressured” compared to the surrounding ICM
(Section 5.3) may indicate that they are common features for
X-ray tails of late-type galaxies. The explanation of these fea-
tures may depend on the details of microphysical processes,
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which also are the central problems in other astrophysical fields
(e.g., cool-cores, AGN feedback, and ICM physics). Fourth, the
double-tail features require refined modeling of galaxies (e.g.,
including spiral arms) and the inclusion of magnetic fields both
in the intracluster and interstellar space (Section 5.4). Ulti-
mately, more data and more sophisticated simulations are re-
quired to study in detail the stripping process and gas evolu-
tion in the stripped tails, which have important implications for
galaxy evolution and baryonic physics.
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TABLE 1
BASIC PARAMETERS OF ESO 137-001 AND ESO 137-002
Parameter ESO 137-001 ESO 137-002
D (kpc)a 180 110
vrad (km s−1)b 4680 (191) 5743 (872)
M∗ (109 M⊙)c 5− 8 32− 39
LKs (1010 L⊙)c 2.63 (1.51) 12.88 (15.85)
B−Ks (mag)c 2.76 (2.15) 3.18 (3.40)
aProjected distance to the X-ray peak of the cluster.
bRadial velocity from Woudt et al. (2004, 2008). Values in parentheses are the differences from the cluster’s mean velocity.
cThe stellar mass, Ks band luminosity, and B−Ks magnitude, adopted from S10. Values in parentheses are from the Two Micro All Sky Survey (2MASS).
TABLE 2
SPECTRAL FITS TO THE X-RAY TAIL AND THE NUCLEUSa
Regionb Modelc Parametersd,e C-statisticd Parameterse, f C-statistic f
(v2.0.1) (d.o.f) (v1.3.1) (d.o.f)
Tail APEC kT=0.95+0.04
−0.05, Z=0.18
+0.09
−0.05 53.9 (69) kT =0.80+0.03−0.04, Z=0.14+0.06−0.04 53.8 (69)
APEC kT =0.98+0.03
−0.03, Z=(1.0) 66.8 (70) kT =0.80+0.03−0.03, Z=(1.0) 70.1 (70)
APEC+APEC kT1=1.06+0.09−0.07, Z1=0.28+0.17−0.09 49.5 (67) kT1=1.00+0.10−0.08, Z1=0.32+0.24−0.13 49.0 (67)
kT2=0.40+0.22−0.13, Z2=Z1 kT2=0.43+0.19−0.09, Z2=Z1
APEC+APEC kT1=1.05+0.09−0.07, Z1=0.27
+0.18
−0.09 49.9 (67) kT1=1.00+0.09−0.09, Z1=0.31+0.28−0.13 49.4 (67)
kT2=0.39+0.21−0.15, Z2=(1.0) kT2=0.42+0.17−0.08, Z2=(1.0)
CEMEKL α=1.55+1.07
−0.73, kTmax=1.15+0.46−0.15, Z=0.30
+0.63
−0.11 49.6 (68) α=1.53+1.09−0.72, kTmax=1.14+0.46−0.15, Z=0.30+0.64−0.10 49.6 (68)
CEMEKL α=1.00+0.45
−0.38, kTmax=1.55
+0.37
−0.24, Z=(1.0) 50.8 (69) α=1.03+0.43−0.40, kTmax=1.52+0.39−0.22, Z=(1.0) 50.8 (69)
CEMEKL α=0.01+0.05
−0 , kTmax=(7.0), Z=(1.0) 66.0 (70) α=0.01+0.05−0 , kTmax=(7.0), Z=(1.0) 66.0 (70)
Head APEC kT=0.75+0.06
−0.07, Z=0.07+0.03−0.02 25.9 (16) kT =0.63+0.07−0.06, Z=0.05+0.03−0.02 27.2 (16)
APEC+PL kT=0.72+0.06
−0.13, Z=0.13
+0.14
−0.07, Γ=(1.7) 21.2 (15) kT =0.59+0.06−0.10, Z=0.10+0.12−0.06, Γ=(1.7) 20.8 (15)
APEC+PL kT =0.74+0.05
−0.05, Z=(1.0), Γ=(1.7) 24.6 (16) kT =0.60+0.04−0.04, Z=(1.0), Γ=(1.7) 24.3 (16)
Nucleus PL+PH(GAU+PL) Γ1=(1.7), NH=24.43+2.70−0.56×1022 26.0 (26)
E=6.32+0.02
−0.06, σ=(0), Γ2=1.34+0.23−0.05 ... ...
EW (gau)=0.16+0.06
−0.04
Lbolometric (nuc.)=1.15+0.03−0.05×1043g
aIn this table, we compare parameters and goodness of fits obtained with different models and with two different atomic databases for the X-ray spectral models.
bThe tail region is the two straight parts (the three green boxes in Figure 4, 35 kpc in length) of the X-ray tail, while the head is the swollen part shown as a green circle
(7′′.87 in radius) excluding the small circle (3′′ in radius, centered on the X-ray AGN, see Figure 4). The excluded small circle is defined as the nucleus.
cThe Galactic absorption component (1.73×1021 cm−2) is included in all cases.
dObtained with AtomDB v2.0.1.
eThe units of kT , E , σ , and EW are keV; those of Z, L, and NH are Z⊙, erg s−1, and cm−2, respectively. Parameters in parentheses are fixed.
f Obtained with AtomDB v1.3.1.
gThe luminosity has been corrected for absorption and the bolometric correction adopted is 15 from Vasudevan & Fabian (2007).
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TABLE 3
PRESSURES IN THE X-RAY TAIL AND IN THE AMBIENT ICM
Region Pressure (10−11 dyn cm−2)
Taila Single APEC Double APEC CEMEKL
7.3 f−1/2 6.6 f−1/2 17.8 f−1/2
ICM Thermal pressureb Ram pressureb
4.2 15.3( vgal2000 km s−1 )
2
aPressures are averaged over the full length of the X-ray tail assuming the best-fit abundances. Here f is the volume filling factor. For the individual regions (Figure
4), the pressures for the single-kT fits range from 4.6 f−1/2 ×10−11 dyn cm−2 to 9.4 f−1/2×10−11 dyn cm−2, with ∼ 30% errors.
bObtained by assuming the cluster-centric distance is the projected distance to the cluster center (see Section 5.1 for a discussion).
TABLE 4
ESO 137-001 VS. ESO 137-002
Region Parameter ESO 137-001a ESO 137-002a
Tail l×w (kpc × kpc)b ∼ 80× 6, 80× 4 ∼ 40× 3
Mtail (108M⊙)c,d 12.9 f 1/2 (13.8 f 1/2) 2.0 f 1/2 (2.3 f 1/2)
fX−raye 25.8% f 1/2− 43.0% f 1/2 2.2% f 1/2− 5.0% f 1/2
L0.5−2 keV(tail) (1040 erg s−1)d, f 8.2 (8.3) 3.1 (3.2)
Lbolometric(tail) (1040 erg s−1)d, f 17 (18) 6.0 (6.6)
kTtail (keV)d 0.92±0.04 (0.81±0.03) 0.95+0.04−0.05 (0.80+0.03−0.04)
ntail (cm−3)d,g 0.014 f−1/2 (0.015 f−1/2) 0.025 f−1/2 (0.029 f−1/2)
ICM kTICM (keV) ∼ 6.5 (6.3) ∼ 7.1 (7.0)
nICM (10−3 cm−3) 1.4 1.9
Pram (10−11 dyn cm−2) 11.6( vgal2000 km s−1 )2 15.3(
vgal
2000 km s−1 )
2
Pthermal (10−11dyn cm−2) 2.9 4.2
Nucleus L0.3−10 keV(nuc.) (erg s−1)h < 1.2× 1039 1.0×1042
aSome of the values assume the cluster-centric distances are the projected distances (see Sections 5.1 and 5.3). For results containing parentheses (except the row of
Pram), the outside ones were obtained with AtomDB v2.0.1 while the inside ones were obtained with AtomDB v1.3.1.
bSize of the X-ray tail. The two data sets for ESO 137-001’s tails are the sizes of the main and secondary tails. Length refers to the full length of the tail (including the
“head”), while width refers to the FWHM, so the widths of ESO 137-001’s tails are different from those in S10.
cMass of the X-ray tail(s). The volume of the tail is assumed to be a cylinder with the size given above. f is the filling factor of the soft X-ray emitting gas. Note that
the mass of ESO 137-001’s tails has been rescaled according to their new volume compared to the old one in S10.
dObtained from the single-kT fit.
eMass ratio of the X-ray tail(s) to the total ISM of the galaxy from S10.
f Intrinsic luminosity of the X-ray tail(s). The error of the luminosity is ∼ 5% for ESO 137-001 and ∼ 4% for ESO 137-002.
gAverage electron density of the X-ray tail(s). The values for ESO 137-001’s tails have been rescaled.
hAssuming no intrinsic absorption for ESO 137-001’s nucleus, while absorption for ESO 137-002’s nucleus is adopted from the best-fit value, i.e., 2.44×1023 cm−2.
The error of ESO 137-002’s nuclear luminosity is ∼ 4%.
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FIG. 1.— a: Chandra 0.5− 2.0 keV count image of ESO 137-002. No background subtraction or exposure correction was applied. Point sources were removed
and the image was smoothed with a 3′′.94 Gaussian kernel. The green dashed box is the field of view (FOV) of the SOAR images shown on the right. The red arrow
denotes the direction to the X-ray peak of the cluster. A long X-ray tail is clearly seen from the image. b: Net Hα image of ESO 137-002 from SOAR. The image
was background subtracted and smoothed with a 1′′.5 Gaussian. Stars were masked. A significant Hα tail is visible, with two branches bifurcating at the far end. c:
Optical continuum image of ESO 137-002 from SOAR. This image has the same size as panel b. The Galactic foreground stars are crowded in the FOV. d: Chandra
0.5− 2.0 keV image of ESO 137-002 with background subtraction and exposure correction. The image was smoothed with a 3′′.94 Gaussian. The long X-ray tail
can further be subdivided into four parts based on morphology (see the text for details), as indicated in the figure. At the upstream side of the tail, a sharp leading
edge is also present. At the position of the secondary Hα tail (panel e), X-ray emission is enhanced at the ∼ 2σ level. e: The 0.5−2.0 keV Chandra contours in red
superposed on the net Hα image. The Hα image was smoothed with a 0′′.6 Gaussian. The two Hα tails are marked, while the main tail spatially coincides with the
X-ray tail. f: The optical continuum image of ESO 137-002 with the 0.5− 2.0 keV Chandra contours in red overlaid. In all panels, the location of the X-ray AGN
is marked with a yellow cross, while the cyan scale bars are 5 kpc (or 15′′.28).
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Surface brightness
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FIG. 2.— The Chandra 0.6− 2.0 keV surface brightness profiles across and along the X-ray tail of ESO 137-002. The regions used to measure the surface
brightness are shown on the left. The widths of the regions are 80′′ and 20′′.7, respectively, with the physical and angular scales shown in the lower right corner. The
dotted line in the upper right panel represents the local background plus a Gaussian which is used to model the emission from the tail, while that in the lower right
panel represents the local background. Note that the background around the tail is high, so the jump across the edge is relatively small (a factor of ∼ 3). A Gaussian
fit gives a FWHM of 2.9±0.2 kpc for the width of the tail. The tail is significant to ∼ 40 kpc from the nucleus, with a possible extension to large distances. The flux
conversion factor for the tail is: 10−4 cts s−1 = 4.85×1038 erg s−1 (bolometric).
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leading edge
FIG. 3.— Chandra 0.5− 2.0 keV image of the nuclear region with the net Hα contours overlaid in red. The X-ray leading edge is spatially coincident with the
Hα edge. The location of the X-ray AGN is marked with a yellow cross. The offset between the nucleus and the Hα peak is probably caused by the dust lane in the
bulge. The cyan scale bar is 1 kpc.
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6
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4
3
2
1
FIG. 4.— Left: Regions where the temperatures of the X-ray tail and the ICM are measured. The tail regions are in green while the ICM regions are in red
numbered from 1 to 7. The “head” (swollen part) is the green circle, with the small circle (3′′ in radius, centered on the X-ray AGN) excluded. The small circle
excluded from the “head” is defined as the nucleus. Both the “head” and the nucleus were excluded from the global spectral fits. Point sources were removed.
The cyan scale bar is 10 kpc. Right: Temperatures (with 1σ error bars) for the tail (upper) and the ICM (lower) regions shown on the left. In the upper panel, the
temperature of the “head” is shown as a triangle with those of the other three regions shown as squares. The horizontal error bars are the bin sizes of the individual
regions along the tail. The position of the X-ray AGN is at the origin. The temperatures of the outer three regions were obtained by linking the abundances of these
three regions, so the actual temperature uncertainties should be larger than those shown. The two dotted lines represent the 1σ range of the temperatures for the total
spectrum of the outer three regions. The temperature variations are within 1.4σ , so the whole tail has a nearly constant temperature. In the lower panel, the dotted
lines represent the 1σ temperature range of the 6 regions excluding region # 6. Region # 6 has the lowest temperature, which is likely a hint of the contamination by
stripped gas there. A similar ICM temperature drop behind the observed tail is also found for ESO 137-001 (S10).
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FIG. 5.— X-ray spectrum of the global tail region (excluding the “head”). The double-kT model fit is also shown as a solid line, with the two dotted lines
representing the two thermal model components.
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FIG. 6.— Unfolded X-ray spectrum (see the text) of the nucleus. The model is also shown as a solid line, while the three dotted lines are the three model
components including a redshifted iron Kα fluorescence line.
